Abstract. Coal has provided a great proportion of energy supply for the country. However, coal mining has caused lots of ecological and environmental problems. In this study, a field investigation experiment was conducted in subsided area of Zhaogu coal mine of Jiaozuo Coal Group, Henan Province, China, to explore effect of surface cracks caused by coal mining on the soil characteristics and crop growth. The results showed that during the jointing stage of wheat, the ranges within which the larger crack (C-1) and smaller crack (C-2) caused the effects on both soil water content and soil respiration were 0-60 cm and 0-30 cm from the cracks, respectively. C-1 significantly reduced the activities of soil urease and invertase within 0-60 cm from the crack but C-2 did not cause significant inhibition on soil enzymes. During the flowing stage of wheat, C-1 and C-2 significantly reduced soil water content, available nitrogen content and soil respiration within 0-60 cm and 0-30 cm from the cracks, respectively. The range within which C-1 caused inhibition on urease activity was 0-60 cm while such range for C-2 was 0-30 cm from the crack. The ranges within which both C-1 and C-2 caused significant inhibition on invertase activity were 0-60 cm from the cracks. C-1 and C-2 caused significant inhibition on photosynthesis of wheat within 0-60 cm and 0-30cm from the cracks, respectively. C-1 and C2 significantly reduced spike number and grain yield within 0-90 and 0-60 cm from the cracks, respectively. In conclusion, surface cracks resulted in loss of water and nutrients and reduction in crop yield, which is more serious with lager cracks. Therefore, further studies are needed to address this problem and to find effective measures to resolve it.
Introduction
Coal is the major energy source in China. Coal mining industry in Henan province is ranked the second place in China and its coal output accounts for nearly 10% of the country's total (Hu et al., 2014a) . While the coal mining areas in Henan have provided substantial proportion of energy supply for the country, some ecological and environmental problems have been caused by coal mining, especially underground coal mining, which have become increasingly serious. Underground coal mining leads to large-scale surface settlement, increases the original geomorphological slope and generates a large number of cracks (gaps), causing substantial damage to the ecological environment in the mining areas (Kuang and Deng, 2007; Tripathi et al., 2009) . Under the comprehensive interactions of the subsidence disturbance, rain and wind, the loss of water and fertilizer and soil erosion can easily take place in the farmland in the subsided areas, leading to the degeneration of soil quality (Hu et al., 2014b) . Furthermore, due to the uneven surface and the distribution of cracks/gaps all over the subsided areas, the soil evaporation area and evaporation intensity are not only increased, the farmlands also loss irrigation capacity. Their drought-resisting capabilities are greatly weakened, which, in turn, seriously affects the farmland productivity. Additionally, coal mining also destroys the structure of the water-holding layer of soil and causes a series of problems such as the declined phreatic table, drought well and the death of vegetation etc (Kuang and Deng, 2007) . Therefore, to investigate the effects of cracks caused by coal mining on soil characteristics and crop production is of practical significance and theoretical value for reclamation and management of the farmland in coal mining areas.
In the recent years, a large number of studies have been conducted on the damaged farmland in coal mining areas. However, these studies mainly focused on such aspects as the effects of mining subsidence on physicochemical characteristics of soil (Li et , very few reports about the temporal and spatial changes in the characteristics of the soil surrounding the cracks/gaps and the effects of cracks on plant growth and development have been available. In the subsided areas, the newly formed micro-geomorphic features such as subsided hole, subsided cave, and cracks (gap) etc. caused by mining subsidence also bring about corresponding changes in the spatial structures of soil. The changes in the spatial factors that affect the soil characteristics certainly cause the spatial changes in the physicochemical properties of the surrounding soil (Zhao et al., 2010) . The cracks (gaps) in the soil lead to the increase in the evaporation area and evaporation intensity of soil in subsided areas. The disturbance of cracks on soil water affects not only soil physicochemical properties but also the characteristics of soil microorganisms and ultimately affects the growth of plants. Thus, strengthening the studies in this aspect will be beneficial for complete understanding and evaluating the effects of coal mining on the regional environment.
In this study, by choosing the farmland located in the subsided area of Zhaogu Second Coal Mine of Jiaozuo Coal Group, Henan Province, China, as the research object, a field investigation and laboratory analysis experiment was conducted to explore effect of surface cracks caused by coal mining on the soil characteristics and crop growth in different locations surrounding the cracks, which may provide the theoretical basis for reclamation/management of farmland and for improvement of the productivity of farmland in coal mining subsidence area.
Materials and methods

Site description
In this experiment, the subsided area of the Zhaogu Second Coal Mine of Jiaozuo Coal Group, Henan province, China, was selected as the studied area (Fig. 1) . The mean annual atmosphere temperature was 14 o C, the mean annual precipitation was 603-713 mm and the mean water evaporation intensity was 2039 mm. The air temperature and precipitation during the wheat growing season are shown in Table 1 and Figure 2 , respectively. During the recent years, the large-scale coal mining has caused serious damage to the local farmland. Approximately 40 hm 2 (Xu et al., 2015) . There are many cracks (gaps) caused by surface subsidence in the dynamically subsided region, which led to the serious loss of soil water and nutrients. This seriously affected not only the quality of soil environment but also the regional agricultural production. At both the jointing and the flowering stages, soil samples at 0-30 cm and 30-60 cm layers were collected were collected by using auger boring at each sampling point. These soil samples were immediately put into the aluminum box and sealed completely, and then brought back to laboratory for subsequent analysis.
The measurement parameters and methods
The measurements of soil water content, soil available nitrogen content and soil respiration rate: the soil water content was measured with the method of weighting after being dried. The soil available nitrogen content was measured with alkaline hydrolysis diffusion method. Soil respiration rate was measured with EGM-4 portable soil respirator (PP Systems, Amesbury, MA, USA) at each sampling point. Samples at each distance point were collected three times.
Measurement of the activities of soil enzymes: the soil samples within the 0-30 cm layer were collected at the locations of 30, 60, 90 and 120 cm from the edges of the cracks, respectively. The collected samples were fully blended and then put into the ice bottle, immediately brought back to laboratory and stored at -20 o C freezer. These soil samples were used for subsequent analysis of the activities of soil enzymes. The urease activity was assayed with sodium phenate colorimetry. The invertase activity was assayed with 3, 5-dinitrosalicylic acid colorimetry. A total of 6 replicate soil samples were measured at each location (Yao et al., 2006) .
Measurements of photosynthesis rate and chlorophyll content: the net photosynthesis rate of wheat leaves was measured with LI-6400 Portable Photosynthesis System (LI-COR, Lincoln, NE, USA) in 9:00-11:00 AM in the morning. Chlorophyll content of the leaves of the same plants was measured with SPAD-502 chlorophyll meter (Minolta Co., Ltd, Osaka, Japan). A total of 6 replicate plant samples were measured at each location.
Measurements of Grain Yield and Yield Trials: At the mature stage of wheat, at each sampling point, the grain yield of wheat at two lines with the length of 1 m were randomly selected to assess the yield capacity. The assessment was repeated three times. At the same time, at each sampling point, a total of 30 wheat plants were selected randomly and used to measure the plant height, weight per stem, number of grain, number of fertile spikelet, the number of infertile spikelet and the 1000-grain weight.
Data were statistically analyzed using Microsoft Excel 2000. The differences in the effects between treatment groups were compared by t-test with P < 0.05 being regarded statistically significant. 
Results
Effects of the surface cracks on characteristics of soil water and fertility
The surface cracks caused by mining subsidence not only destroyed soil structure but also led to the loss of soil water and soil fertilizers. During the jointing stage of winter wheat (20 days after the formation of the cracks), the cracks had no significant effects on the available nitrogen content of soil but significantly affected soil water content in the soil surrounding cracks. Cracks with different widths caused the different effects on soil water content. Within 0-30 cm soil layer, C-1 significantly affected the soil water content within 0-60cm from the cracks. When the distance from the cracks was over 60 cm, the cracks had no significant effects on soil water content. The range of soil water content affected by C-2 was only 0-30 cm. Within the soil layer of 30-60 cm, C-2 had no effects on soil water content. C-1 had significant effects on soil water content only within 0-30 cm from the cracks. During the flowering stage, within the soil layer of 0-30 cm, C-1 and C-2 both significantly reduced soil water content and available nitrogen content in the surrounding soil within 0-60 cm and 0-30 cm from the cracks, respectively (Figs. 3 and  4) . Within the soil layer of 30-60cm, both C-1 and C-2 significantly reduced soil water content and available nitrogen content in the surrounding soil within 0-30 cm from the cracks. When the distance from the cracks was over 30 cm, the cracks had no significant effects on soil water content and available nitrogen content. 
Effects of subsided cracks on characteristics of soil microorganisms
The characteristics (such as the activities of soil enzymes and soil respiration rate) of soil microorganisms are very sensitive to the changes in soil environment. Soil respiration rate reflects, in a large extend, the metabolic intensity of soil organic matters and the transformation/supply capacity of soil nutrients. During the jointing and flowering stages, the surface cracks inhibited the respiration rate of the surrounding soil, the closer the soil from the cracks was, the lower the soil respiration rate was. For C-1, the range within which it inhibited soil respiration rate was 0-60 cm. When the distance from the cracks was over 60 cm, its inhibition on soil respiration rate was not significant. The range within which C-2 inhibited soil respiration rate was 0-30 cm. When the distance from the cracks was over 30 cm, its inhibition was no longer significant ( Fig. 5) The subsided cracks had significant effects on the activities of both urease and invertase (Fig. 6) . Within the distance of 0-30 cm from cracks, the cracks caused maximal inhibition on the activities of soil enzymes. With increasing the distance from crack, this inhibition was gradually reduced. However, during different stages, different soil enzymes performed differently. During the jointing stage of winter wheat, C-2 had no significant inhibition on the activities of both urease and invertases. The range within which C-1 caused inhibition on the activities of two enzymes was 0-60 cm. When the distance from the cracks was over 60 cm, its inhibitory effects were no longer significant. During the flowering stage, the ranges within which C-1 and C-2 caused inhibition on the activity of inverase were both 0-60 cm. When the distance from the cracks was over 60 cm, their inhibitory effects on invertase were no longer significant. The range within which C-1 caused inhibition on the activity of urease was 0-60 cm while such range for C-2 was 0-30 cm. 
Effects of subsided cracks on chlorophyll content of wheat leaves and photosynthetic characteristics
Surface cracks affect physiological characteristics of plant via disturbing the physicochemical properties and microbial characteristics of soil. The chlorophyll content of plant leaves and photosynthetic characteristics are the two important physiological characteristics. During jointing and flowering stages, within 30 cm from the crack, the chlorophyll content of wheat leaves was lowest. When the distance from the crack was over 30 cm, the differences in the chlorophyll content of wheat leaves were no longer significant (Fig. 7) . The photosynthetic rates of wheat leaves were different during different stages. During the jointing stage, both C-1 and C-2 caused significant inhibition on photosynthetic rates within 0-30cm from the crack. When the distance from the crack was over 30 cm, cracks had no significant effects of photosynthetic rate of wheat. During the flowering stage, C-1 caused significant inhibition on photosynthetic rate of wheat within the distance of 0-60 cm from the crack while C-2 caused significant inhibition on photosynthetic rate of wheat leaves within the distance of 0-30 cm from the crack (Fig. 7) . 
Effects of surface cracks on the yield trail of wheat
It can be seen from Table 2 that surface cracks had different effects on various yield traits of wheat. Both C-1 and C-2 lowered plant height, weight per stem, and grain number but increased the number of infertile spikelet of wheat within 0-60 cm from cracks. When the distance from the crack was over 90 cm, both C-1 and C-2 had no effects on plant height, weight of single stem, the number of infertile spikelet and the grain number. Both C-1 and C-2 had no significant effects on 1000-grain weight. However, C-1 significantly reduced the number of fertile spikelet and grain yield of wheat within the distance of 0-90 cm from the crack. C-2 significantly reduced the number of fertile spikelet and grain yield of wheat within the distance of 0-60 cm from the crack. Compared with the grain yield of wheat at the distance of 120 cm from cracks, C-1 and C-2 reduced grain yield of wheat at 30 cm from the cracks by 53.3% and 34.8 %, respectively. Mean values followed by different small letters in the same line indicate significant difference at 0.05 level.
Discussions
Effects of surface cracks on the characteristics of soil water and fertilizers
Soil cracks cause extremely important effects on the transport process of water and solutes in soil. Coal mining subsidence leads to the formation of cracks (gaps) with different widths on the ground surface, which makes the rainfall to more easily penetrate into underground and thus, reduces the water supply to soil. During the nonraining periods, the crack increases the contact area between soil and external environment and accelerates the lateral evaporation of soil water and exacerbates the loss of water from the soil. Both the reduced water supply and the increased evaporation rate certainly lead to the reduction in soil water content. Furthermore, the vertical cracks (gaps) also weaken the total water-holding capacity of soil. The combined actions of these factors reduce soil water content to different extends (Li et al., 2011) . In this study, the result of the investigation on water contents in soil in different spatial http://www. locations in the subsided area indicates that the cracks significant reduce soil water content in soil surrounding the cracks but the affecting ranges of cracks with different sizes on soil water content varied. The affecting range of the larger crack was larger than that of smaller crack. The changes in soil nutrients are closely related to the migration of soil water. In the coal mining subsided area, due to the formation of many cracks (gaps) on the ground surface, many nutritional elements in the soil can more easily leak with the direct runoff along cracks during raining, which, in turn, cause the deficiency of soil nutrients, degrade soil environmental quality and seriously affect crop growth (Zhao et al., 2010) . In this study, we measured the available nitrogen contents in soils with different distances from the cracks. The results indicated that in the early stage of the crack formation (at the jointing stage of wheat), because of the lack of raining, the available nitrogen content in soil was not changed largely. During the flowering stage, the cracks significantly reduced available nitrogen content in the soil surrounding the cracks. The closer the distance from the crack was, the lower the available nitrogen content in soil was. The effects of the larger cracks on the available nitrogen content in soil were larger than those of the smaller cracks.
Effects of surface cracks on of soil microorganisms
The characteristics of soil microorganisms, including microbial quantity, activities of soil enzymes and soil respiration etc, are very sensitive to the changes in soil ecological quality and are generally used to evaluate the supply capacity of soil nutrients and soil quality (Zhou and Ding, 2007) . Du et al. (2013) reported that surface cracks caused by coal mining obviously reduced microbial quantities and activities of soil enzymes, and also altered the compositions and structure of microbial community in the rhizosphere of Artemisia ordosias. Among different indicators reflecting the characteristics of soil microorganisms, soil respiration rate is the most sensitive one to respond the status of soil water and soil nutrients (Singh et al., 1977; Zheng et al., 2014) . In this study, subsided cracks reduced the contents of water and available nitrogen in the soils surrounding the cracks and, at the same time, also significantly reduced soil respiration rate.
All the biochemical processes taking place in the soil are carried out and accomplished by soil enzymes (Zhou and Ding, 2007) . Soil enzymes are very sensitive to the changes caused by environmental factors and exhibited quite well the characteristics of timeliness. Most of soil enzymes are mainly derived from soil microorganisms. Soil structures and the status of soil water and nutrients all cause important effects on soil microorganisms. The changes in soil physicochemical properties and in the quantitation of soil microorganisms certainly lead to the directional changes in the activities of the soil enzymes (Noah et al., 2003) . For instance, the study by Liu et al (2006) indicated that the activities of both soil invertase and urease were highly and positively correlated with the available nitrogen. In this study, the results of the investigation on the activities of invertase and urease in the soils surrounding the cracks also confirmed the above-mentioned results, i.e. the cracks significantly reduced soil available nitrogen content, which, in turn, affected the activities of soil enzymes. Thus, the activities of both invertase and urease in soil were also significantly reduced. 
Effects of surface cracks on physiological characteristics and grain yield trials of wheat
Cultivation of crops requires the high soil quality and the proper landform of farmland. The destroying soil environment will affect the cycling processes of water and nutrients in soil and finally cause serious loss of crop yield (Ma et al., 2014) . It has been reported that mine subsidence in Illinois, USA, caused a significantly lower corn yield in subsidence areas (Darmody et al., 1989 (Darmody et al., , 1992 (Darmody et al., , 2014 . Surface subsidence and cracks caused by coal mining destroyed the stability and integrality of soil structure. Water and fertilizers easily leak and loss along with the cracks, resulting in increasing degeneration of soil quality. Furthermore, due to the lack of scientific management, proper application of fertilizers and irrigation measures in the subsided area, the poor soil quality is further exaggerated. The contents of water and nutrients in soil are the key factors affecting plant growth. Their levels will directly affect the physiological and ecological characteristics and the yield of cr ops ). Among which, chlorophyll content of leaves somehow reflects the nitrogen level of plants, which is positively correlated with the soil nitrogen content (Guan et al., 2000) . The present study also indicated that changes in chlorophyll content of leaves was consistent with the changes in available nitrogen content in soil, i.e. when the soil was closer to the cracks, the content of the available nitrogen in soil was more significantly reduced and, at the same time, chlorophyll content of wheat leaves was also significantly reduced. These results are the same as those of Xu et al. (2015) . Photosynthesis is one of important physiological characteristics of plant and is limited by both the internal factors and external environmental conditions. Soil water and nitrogen are two important environmental factors frequently limiting for plant growth. Water and nitrogen stresses will inhibit photosynthesis and the growth of plant (He et al., 2010) . Increasing soil nitrogen content can not only significantly increase chlorophyll content of plant leaves but can also improve the photosynthetic characteristics of crops and increase the grain number and grain weight of wheat (Zhang et al., 2005) . In this study, subsided cracks significantly affected the contents of water and available nitrogen in soil and also affected plant's uptake of trients and water. Thus, plant photosynthesis was also significantly affected. The growth and yield of plant are closely related to the accumulation of photosynthates. The closer to cracks were, the greater the effect on photosynthesis of wheat was. Thus, the plant height, grain number and weight per stem were all significantly reduced. The deficiency in photosynthetic capability finally led to the reduction in grain yield of crop. A recent study by Hu et al.indicated that in the eastern plains of China, the overlapping of coal resources and cropland occupied a total area of 1.33 × 10 5 km 2 , accounting for 31.93% of the total cropland area. It is estimated that by 2020, the accumulative total area of cropland destroyed by continuing coal mining in that area may reach as high as 3.83 × 10 3 km 2 , leading to the reduction of grain yield by 9.63 × 10 8 kg and an increase in number of landless farmers up to 1.91 × 10 6 (Hu et al., 2014a) . Similar situation may also happen in coal mining areas in Henan province. Therefore, further studi es are needed to address this problem and to find effective measures to resolve it.
